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. . local brain cooling. In principle, osmotic forces draW Water 
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17, 2007. not move into the brain. 
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DEVICE TO REDUCE BRAIN EDEMA BY 
SURFACE DIALYSIS AND COOLING 

PRIOR APPLICATION INFORMATION 

[0001] The instant application claims the bene?t of US. 
Provisional Patent Application 60/956,424, ?led Aug. 17, 
2007. 

BACKGROUND OF THE INVENTION 

[0002] Brain edema is an accumulation of Water Within the 
brain tissue. It is a frequent complication after brain damage 
(stroke or injury)3 1. Edema tends to be maximal at approxi 
mately 2 days after injury, and can persist as long as one Week. 
Edema causes the brain to sWell, and When the brain sWells, 
pressure inside the head rises and causes further permanent 
damage or potentially leads to death. Intravenous administra 
tion of drugs (eg mannitol or other osmotic agents) can 
dehydrate the uninjured parts of brain to temporarily relieve 
pressure. Unfortunately, this approach is limited because the 
osmotic agents enter damaged brain through leaking blood 
vessels and the sWelling in these regions becomes Worse 
(“rebound” phenomenon)25 . In desperation, surgeons can 
remove the skull that overlies the damaged brain to alloW the 
brain to sWell outWard21. Experimentally, cooling the brain 
from the normal 37° C. to ~32° C. can be protective, but 
clinically local cooling of damaged brain is dif?cult and 
cooling of the entire body can have serious side effects (eg 
infection, bleeding). Therefore, there is no effective clinical 
treatment for severe cases of brain edema. 

[0003] Interstitial ?uid (ISF), also referred to as extracellu 
lar ?uid, moves through brain by diffusion among cells and by 
bulk ?oW especially alongside blood vesselsl. The predomi 
nant ?oW is toWard the ventricular cavities in the center of the 
brain, Where it contributes to cerebrospinal ?uid (CSF) for 
mation. The pia mater/glia limitans on the outer surface of the 
brain may act as a physical barrier and regulatory interface 
betWeen the extracellular compartment of the brain and the 
CSF in the subarachnoid space, Which surrounds the brain1 1. 
The arachnoid is a thin tissue layer that contains the CSF 
around the brain and serves as a barrier against the bulk 
movement of ?uids and large molecular Weight substances2. 
The arachnoid is in intimate contact With, but not attached to, 
the dura mater, Which is a tough ?brous layer that is adherent 
to the inner surface of the skull. Electrophysiological and 
tracer studies shoW that exchange of small molecules can 
occur across the pia, arachnoid, and even the thin dura of 
small animals3’29’3O’35’43’54. 
[0004] As discussed above, brain edema is an accumulation 
of Water Within the brain parenchyma. It is a universal physi 
ological reaction to brain damage. The localiZation of edema 
?uid depends on the etiology of brain damage, and is de?ned 
by accumulation in extracellular (“vasogenic”; i.e. due to 
leaking blood vessels) or intracellular (also called “cyto 
toxic”; i.e. due to cell sWelling When function of the cell 
membrane fails from exposure to disturbed environment or 
When energy supplies such as oxygen and glucose are lack 
ing) compartments, potentially in combination. Water and 
?uid retention can be aggravated by the presence of small 
molecules that leak through damaged blood vessels and from 
damaged cells into the extracellular space. Here they can act 
as osmotic agents that prevent the free ?oW of Water. Edema 
contributes to brain sWelling and elevated intracranial pres 
sure (ICP)27’5 1. As discussed above, there remains no effec 
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tive clinical treatment for severe cases”, despite availability 
of hyperosmolar agents5’53, barbiturates42, physiologic sup 
port3 8, external ventricular drainage, and hemicraniectomy82’ 
44. 

[0005] Physical processes such as osmosis and diffusion 
facilitate the transport of Water and dissolved small molecules 
from solutions through membranes. Dialysis is de?ned as the 
process of separating crystalloids (ions and other small mol 
ecules dissolved in a liquid) and colloids (large molecules, 
e.g. proteins, dissolved or suspended in a liquid) in solution 
by the difference in their rates of diffusion across a semiper 
meable membrane. This principle is in use for therapeutic 
hemodialysis (i.e. cleansing of the blood in the case of kidney 
failure)15 and extracellular ?uid sampling by intraparenchy 
mal brain microdialysis (Wherein a small semipermeable 
catheter ?lled With a hyperosmotic solution is introduced into 
the tissue; Water and small molecules are draWn into the 
catheter)”. In experimental studies on injured rat brain, 
edema Was reduced When negative hydrostatic pressure Was 
applied for 24 hours to ultra-thin small diameter cuprophan 
tubes implanted into injury site48’49. 

SUMMARY OF THE INVENTION 

[0006] According to a ?rst aspect of the invention, there is 
provided a method of treating brain sWelling comprising: 
[0007] inserting an osmotic cell into a dural opening or 
under a dural ?ap onto a brain that has suffered or is suspected 
of having suffered an injurious event su?icient to induce 
swelling, said osmotic cell comprising: 

[0008] an osmotic cell body comprising an inner cham 
ber for retaining a solution therein; 

[0009] a semi-permeable membrane for contacting the 
brain; 

[0010] an in?oW port; and 
[0011] an out?oW port; and 

[0012] ?oWing a solution having an osmolarity greater than 
that of ?uid in the extracellular compartment of the brain 
through the in?oW port, into the inner chamber, past the 
semi-permeable membrane and out of the inner chamber 
through the out?oW port such that interstitial ?uid from the 
brain proximal to the semi-permeable membrane osmotically 
?oWs across the membrane and into the inner chamber of the 
body. The temperature of the solution can be controlled in 
such a Way that the surface of the brain can be cooled to a 
desired temperature. The osmotic cell can be ?tted With a 
temperature monitoring device. 
[0013] According to a second aspect of the invention, there 
is provided a device for treating brain sWelling comprising: 

[0014] an osmotic cell body comprising an inner cham 
ber for retaining a solution therein; 

[0015] a semi-permeable membrane arranged for con 
tacting a dural opening or arranged for insertion under a 
dural ?ap onto a brain that has suffered or is suspected of 
having suffered an injurious event su?icient to induce 
sWelling, 

[0016] an in?oW port for receiving the solution from a 
reservoir; and 

[0017] an out?oW port for removal of the solution from 
the inner chamber. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] FIG. 1. Schematic diagram (A) shoWing an experi 
mental osmotic ?oW cell With in?oW (a) and out?oW (b) ports 
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and semipermeable membrane at the base (c). Photograph (B) 
showing the experimental osmotic cell. 
[0019] FIG. 2. Photograph showing experimental osmotic 
cell applied to the surface of a rat brain. The head is held in a 
stereotactic frame and the snout is covered by the anesthetic 
delivery cone. 
[0020] FIG. 3. A. Line graph shoWing mean (:SEM) CSF 
pressure, Which re?ects ICP, at different times in the experi 
ment. The rat brains Were injured by localiZed freeZing and 
dialysis Was performed for 2 hours, beginning 1 hour after 
freeZing. The dialysis ?uid used Was a 15% solution of 15000 
molecular Weight dextran and the semipermeable membrane 
had a pore siZe of 3500. The group subjected to dialysis 
shoWed decreasing CSF pressure, While other groups had 
stable or increasing pressure. B. Sample tracing of CSF pres 
sure from a rat at the start of dialysis (a) shoWing the decrease 
in pressure. Note that a stable pressure is reached after ~50 
minutes (b). C. Bar graph shoWing percentage change in CSF 
pressure during the 2-hour period of dialysis and comparable 
times in other groups (meanzSEM). The negative change in 
pressure in the dialysis group Was signi?cantly greater (*) in 
comparison to the craniotomy only group (p:0.0061) and 
tended to be greater than the sham dialysis group (p:0.06). 
[0021] FIG. 4. Bar graph shoWing percent Water content in 
core sample of cerebrum from lesioned/dialyZed right side of 
brain and control left side. There is no signi?cant difference 
betWeen groups. 
[0022] FIG. 5. Bar graph shoWing the reduction in spread of 
edema ?uid through rat brain, as measured by Evans blue 
albumin distribution. Rats received intravenous Evans blue 
tracer one hour prior to freeZing brain injury. Dialysis (or 
sham dialysis) Was started 1 hour later and continued for 4 
hours. Then rat brains Were removed and sliced to assess the 
spread of the brain tracer. In sham dialyZed rats, edema ?uid 
moves to the depths of the brain Where it is retained. In 
dialyZed rats, edema ?uid moves toWard the outer surface of 
the brain and is removed by the dialysis system. 
[0023] FIG. 6. Bar graph shoWing brain temperature near 
the site of the dialysis chamber contact. The in?oW ?uid is 
cooled by passing loops of tubing through an ice bath; the 
length of cooled tubing determines the temperature in the 
dialysis chamber. Cooling of the dialysate caused local cool 
ing of the brain tissue. 
[0024] FIG. 7. Surface (A) and cutaWay side vieW (B, C) 
diagrams shoWing the osmotic dialysis cell, as it is conceived 
for use in humans, placed on the brain surface after cran 
iotomy (liskull) and opening of the dura mater (2). Depend 
ing on the nature of the damage, the arachnoid membrane (3) 
and brain cortex (4) could be intact (B) or disrupted (C). The 
osmotic cell is placed in the dural opening (5), or potentially 
under a dural ?ap, With the semipermeable membrane surface 
(6) applied to the damaged brain. The osmotic cell is com 
posed of an outer ?exible non-permeable material fused to an 
inner semipermeable membrane. The chamber is ?ooded 
With a sterile dialysate that is continually replenished through 
in?oW and out?oW tubing (7). Through osmotic forces, 
excess Water and small molecules are draWn from the surface 
of the brain into the osmotic chamber, thereby preventing 
brain sWelling. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0025] Unless de?ned otherWise, all technical and scien 
ti?c terms used herein have the same meaning as commonly 
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understood by one of ordinary skill in the art to Which the 
invention belongs. Although any methods and materials simi 
lar or equivalent to those described herein can be used in the 
practice or testing of the present invention, the preferred 
methods and materials are noW described. All publications 
mentioned hereunder are incorporated herein by reference. 
[0026] It is shoWn herein that osmotic dialysis gradients 
across semipermeable membranes applied to the surface of 
injured brain can promote ISF transport out of the brain, and 
protect the damaged brain from ICP elevation. We further 
shoW that cooling of the dialysate ?uid can cool the brain 
locally, thereby offering the potential for hypotherrnic pro 
tection8’9. 
[0027] In one embodiment of the invention, there is pro 
vided a method of treating brain sWelling comprising: 
[0028] inserting an osmotic cell into a dural opening or 
under a dural ?ap onto a brain that has suffered or is suspected 
of having suffered an injurious event su?icient to induce 
sWelling, said osmotic cell comprising: 

[0029] an osmotic cell body comprising an inner cham 
ber for retaining a solution therein; 

[0030] a semi-permeable membrane for contacting the 
brain; 

[0031] an in?oW port; and 
[0032] an out?oW port; and 

[0033] ?oWing a solution having an osmolarity greater than 
that of ?uid in the extracellular compartment of the brain 
through the in?oW port, into the inner chamber, past the 
semi-permeable membrane and out of the inner chamber 
through the out?oW port such that interstitial ?uid from the 
brain proximal to the semi-permeable membrane osmotically 
?oWs across the membrane and into the inner chamber of the 
body. 
[0034] In another embodiment of the invention, there is 
provided a device for treating brain sWelling comprising: 

[0035] an osmotic cell body comprising an inner cham 
ber for retaining a solution therein; 

[0036] a semi-permeable membrane arranged for con 
tacting a dural opening or arranged for insertion under a 
dural ?ap of a brain that has suffered or is suspected of 
having suffered a traumatic event su?icient to induce 
sWelling, 

[0037] an in?oW port for receiving the solution from a 
reservoir; and 

[0038] an out?oW port for removal of the solution from 
the inner chamber. 

[0039] As Will be appreciated by one of skill in the art, a 
variety of hyperosmolar solutions can be used in the inven 
tion. The molecular siZe of the osmotic agent should exceed 
the “pore diameter” of the dialysis membrane so that it does 
not move across the membrane and enter the brain tissue. The 
solution concentration should be su?icient so that the osmo 
lality exceeds that in the extracellular compartment of the 
damaged brain, Which experimentally has been shoWn to 
approach 350-400 mOsm/L H2026. Our studies have shoWn 
clearly that colloidal dextran (i.e. glucose polymer) With 
molecular Weight 15,000-20,000 D dissolved (15% W/V) in 
“arti?cial cerebrospinal ?uid” (?nal ion concentration in 
mM: Na 150; K 3.0; Ca 1.4; Mg 0.8; P 1.0; Cl 155) satis?es 
these conditions (osmolality 392:3 mOsm/L H2O). Other 
carrier solutions (e.g. 0.9% sodium chloride, Ringers lactate 
solution, etc.) Would also be acceptable. Other osmotic agents 
could be used eg dextrans of other siZes (1500-500000 
MW), inulin (5000 MW), dextrin (starch sugar), pentastarch 
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(average MW 265,000 D), or other forms of hydroxyethyl 
starch. Small molecules such as glucose (180 MW) and man 
nitol (182 MW) are osmotic agents used for hemodialysis and 
patient resuscitation. Experiments in the rat model suggest 
that the osmolarity is very important. A 10% solution of inulin 
(368 mOsm/L) seems to Work, While a 10% solution of pen 
tastarch (338 mOsm/L) seems not to Work in pilot experi 
ments. 

[0040] Physical stability (to avoid leaking or breakage), 
?exibility (to alloW gentle contact With brain surface), and 
pore diameter (Which dictates the dialysate used and the rate 
of ?uid movement) are important factors in construction of 
the surface dialysis membrane. The effective pore diameter is 
a function of the molecular makeup of the membranes, Which 
determines hoW large the spaces are betWeen the molecules. 
In experimental usage, dialysis membranes from regenerated 
cellulose (a polymer of cellobiose, a natural plant saccharide) 
With pore siZe of 7000 D or 3500 D Work. In the short term, 
they do not have adverse effects on the brain tissue. Cellulose 
With chemical modi?cations (e.g. tertiary amine substitution, 
Hemophan; benZyl substitution, SMC; vitamin E modi?ed; 
cuprophan; and the like) and synthetic membranes (e.g. poly 
carbonate/polyether, polysulfone, polymethylmethacrylate, 
and the like) are available for hemodialysis and could also be 
used in this application. The chemical composition of the 
semipermeable membrane is likely less critical than in hemo 
dialysis usage, because there is no contact With ?oWing blood 
and therefore activation of blood clotting and complement 
systems is not important. Nevertheless, chemical modi?ca 
tions alter the mechanical properties and the permeability. 
Water permeability of hemodialysis membranes is measured 
as an ultra?ltration coe?icient (KUF ml/hr/mmHg). It is 
dependent on the pore siZe, the hydrophobic characteristics, 
and the thickness. Furthermore, the membranes for surface 
use are in some embodiments preferably thin (<50 pm) to 
ensure ?exibility. 

[0041] As Will be appreciated by one of skill in the art, a 
surface dialysis device for human use Wouldneed to be larger, 
Would need to be ?exible to conform to the curved surface of 
the brain, Would need to be steriliZable, and Would need to be 
available in a range of siZes and shapes (round, oval, rectan 
gular) according to the area of brain damaged. In one embodi 
ment, the device comprises a ?exible semipermeable mem 
brane fused along the periphery to a ?exible impermeable 
(transparent or opaque) membrane (e.g. silicone, polyvinyl 
chloride, and the like), Which together de?ne the inner cham 
ber of the osmotic cell body as discussed above. In betWeen 
Would be a holloW space or inner chamber With in?oW and 
out?oW ports, Which may be connected to a tubing system, 
such as that used for intravenous ?uid delivery. The device 
Would be applied to the surface of the damaged brain after 
opening the skull (by craniotomy) and the dura (see FIG. 7). 
The device may be held in place by pressure from the scalp, 
Which Wouldbe closed over the device leaving only the in?oW 
and out?oW tubing exiting from the patient. Sutures may be 
used to anchor the device or its tubing in place. Sterility Would 
be maintained at these sites in the same manner used for other 
extemaliZed intracranial devices such as intraventricular 
drainage catheters or pressure monitors. In some embodi 
ments, the device is equipped With pressure and temperature 
sensors embedded in or near the surface that contacts the 
brain. The in?oW and out?oW ports may be positioned at 
opposite ends of the device or at the same site running in 
parallel. Both the in?oW and out?oW ports may have shutoff 
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valve and connector systems to alloW replacement of the 
reservoirs. The in?oW port may be connected to a reservoir of 
dialysis ?uid, Which could be cooled to the desired tempera 
ture by running a length of the tubing through an ice bath. The 
out?oW port may be connected to a sealed Waste reservoir. 
FloW through the system could be regulated by a gravity drip 
system or With a mechanical pumping system. 
[0042] The device Will be used for treatment of localiZed 
brain sWelling, for example that Which occurs after mechani 
cal trauma (e.g. head injury) or vascular rupture or occlusion 
(e.g. stroke). Brain sWelling/edema (With or Without associ 
ated bleeding into brain tissue) that Would be treated by this 
device Would be con?ned to one side or a de?ned region of the 
brain (identi?able by imaging modalities such as computed 
tomographic scanning or magnetic resonance imaging) and 
Would be clinically signi?cant as judged by uncontrollable 
intracranial pressure and/ or deterioration of the patient’s neu 
rologic status, despite use of conventional medical and physi 
ologic therapies. Continuous use for 1-5 days, the period of 
maximal brain sWelling, may be necessary in some instances. 
[0043] In some embodiments, small molecular siZe drugs 
(i.e. smaller than the pore siZe of the dialysis membrane) 
could be added to the dialysis ?uid. They Would pass through 
the membrane by diffusion along the concentration gradient 
into the brain Where they could act locally, not dependent on 
vascular delivery. These could include antibiotics for treat 
ment of infection, or drugs With neuroprotective or neurore 
generative properties. This includes a Wide range of agents 
exempli?ed by but not restricted to the folloWing; multifunc 
tional drugs such as minocycline (MW 493), excitatory 
receptor antagonists such as MK801 (MW 337) Which have 
signi?cant toxicity When administered systemically, adenos 
ine receptor stimulants such as caffeine (MW 194), inhibitors 
of cell death and apoptosis such as bongkrekic acid (MW 
486), small peptides for blocking or stimulating cellular pro 
cesses, anticonvulsants such as phenytoin (MW 252), and the 
like. 
[0044] As Will be apparent to one of skill in the art, such a 
device can also be used for treatment of local sWelling in other 
injured organs or tissues, such as muscle. 

[0045] As described herein, We have developed a novel 
method of brain surface dialysis that reduces intracranial 
pressure and modi?es movement of extracellular ?uid in a rat 
model of brain injury. A chamber With a semipermeable 
membrane at the site of brain contact is perfused With a 
hyperosmolar solution (eg 15% dextran, inulin, hydroxy 
ethyl starch). It is also capable of providing local brain cool 
ing. In principle, osmotic forces draW Water and small mol 
ecules from the injured brain into the dialysis chamber 
thereby reducing brain sWelling. The dialysate does not move 
into the brain. 

[0046] In experimental studies on rats, brain surface dialy 
sis reduced CSF pressure (and presumably intracranial pres 
sure) and Was associated With reduced intracerebral spread of 
Evan’s blue-albumin, suggesting that the bulk movement of 
edema ?uid into brain Was reduced. The movement of edema 
?uid from the site of experimental brain injury toWard the 
cerebral ventricles4O or to local blood vessels19 for reabsorp 
tion is a Well-documented phenomenon. In the cryo-injury 
model, increased Water content is detected Within 1 hour“, 
and reaches a peak at 1 day in rats22’45 and 5 days in mon 
keys4l. Extracellular ?uid movement occurs at a rate of up to 
~1 mm/minute along a subtle interstitial pressure gradient36’ 
39,40,50. If We assume that Water and small molecules moved 
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from brain surface across the dialysis membrane into the 
osmotic chamber, and that the acute brain injury is associated 
With persistently leaky blood vessels during the experimental 
period, We speculate that our failure to detect a reduction in 
the Water content re?ects an insensitivity in the assay, perhaps 
related to the dissection. 
[0047] Using the same apparatus, We shoWed that cooling 
of the dialysate is associated With local cooling of brain. 
Local cooling of brain has been achieved in several different 
Ways4’6’8’23’46’52. These include: ChillerPad and ChillerStrip 
system (Seacoast Technologies, Neurosurgical device for 
thermal therapy US. Pat. No. 6,648,907)”; insertion of a 
metal coil over the skulls; application of a thermoelectric 
(Peltier) chip to the brain surface23 ; placement of a catheter 
With cooled ?uid on the brain surface6; endovascular perfu 
sion With cooled ?uids46. Experimental studies shoW that 
reduction of body (and therefore brain) temperature from 
normal (370 C.) to 320 C. is protective against a variety of 
brain injuries. This temperature can easily be achieved by 
cooling the reservoir or the delivery tubing of the dialysate 
from room temperature to <200 C. using ice baths or refrig 
erated cooling systems. At these temperatures, the ?oW char 
acteristics of the dialysis ?uids tested thus far is not altered. 
[0048] Other experimental approaches have been used to 
reduce edema through local effects on osmotic activity or 
?uid ?oW. Intraventricular administration of albumin Was of 
limited use for reducing brain Water in rat experiments24’34. 
Multiple stab Wounds through the cortex seemed to facilitate 
movement of edema ?uid7. Tissue dialysis using multiple 
needle insertion seems to do the same48’49. All of these 
involve insertion of devices into the already damaged brain. 
These have the potential for causing further bleeding. Our 
experiment provides evidence that dialysis across the brain 
surface can reduce brain edema and intracranial pres sure in a 
minimally invasive manner. FolloWing traumatic or ischemic 
brain damage With severe localiZed sWelling, large cranioto 
mies are sometimes performed in humans to relieve the 
intracranial pressure and alloW the brain to sWell outWard, 
rather than causing intracranial herniationl3 ’14’47. An osmotic 
cell may be applied to the brain surface to dialyZe and cool the 
brain With minimal additional risk in this circumstance. 

Results of Experimental Studies on Freeze Injured Rat Brain 

[0049] Six rats died Within 30 minutes of cryogenic brain 
injury and Were not used for subsequent dialysis experiments. 
In the pilot experiments, histological evaluation shoWed that 
uninjured brain surface subjected to dialysis for 2 hours (n:3) 
exhibited no abnormality (e.g. shrunken neurons or in?am 
mation). Water content in uninjured brain subjected to dialy 
sis (n:3; 77.110.2%) and intact brain (n:3; 76.410.2%) did 
not differ. Brains subjected to cryo-injury alone (n:3) or to 
cryo-injury With dialysis (n:3) had a tapered column of dam 
aged brain tissue that Was broadest at the brain surface. In 
vivo, the brain surface appeared sWollen and reddish. Histo 
logically, the tissue exhibited diminished staining intensity 
due to edema and foci of hemorrhage especially at the periph 
ery and depths of the lesion, Which usually approached the 
deep White matter. 
[0050] In the randomiZed pressure monitoring experiment, 
CSF pressure increased signi?cantly from baseline in all 
groups after cryo-injury, and tended to decrease slightly after 
craniectomy. Rats subjected to dialysis for 2 hours (group 4) 
had decreasing ICP While other groups had stable or increas 
ing CSF pressure (FIG. 3). The groups Were signi?cantly 
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different (repeated measures ANOVA; F:3.064, p:0.0056, 
Lambda:27.578). The CSF pressure percentage decrease 
Was signi?cantly greater in the dialysis group, Whereas the 
sham dialysis shoWed no difference in comparison to cran 
iotomy alone (FIG. 3C). The injured right cerebrum had 
higher Water content than the intact left cerebrum. HoWever, 
dialysis Was not associated With reduced Water content 
despite dropping CSF pressure (FIG. 4). This Was someWhat 
surprising because We expected the Water content to be loW 
ered. The next experiment (folloWing paragraph) shoWs that 
the ?oW of edema ?uid is reversed. Consequently, the dam 
aged brain sampled for Water content analysis is in a steady 
state, but the surrounding tissues differ With respect to ?oW of 
the edema ?uid. 
[0051] FolloWing intravenous injection of Evans blue the 
sclera, lips, paWs and injured brain surface turned blue. Dur 
ing the randomiZed 4-hour dialysis (15% dextran) or sham 
dialysis period, body temperature and respiration remained 
stable. After dialysis but not sham dialysis, some of the rats 
had a sunken rather than raised brain surface at the site of the 
cryogenic lesion. This indicates that the brain sWelling had 
been prevented. Coronal sections through the brain shoWed 
blue coloration in the cortex at the site of the lesion and 
extending up to 3 mm deep into the hippocampus as Well as 
laterally along the external capsule and medially across the 
corpus callosum. Rats With sham dialysis had blue coloration 
in 368121 mm3 brain and rats With 15% dextran dialysis had 
blue coloration in 199133 mm3 brain (p:0.0008, unpairedt 
test) (FIG. 5). Inulin solution (10%) Was more di?icult to 
Work With because it tended to precipitate. Pentastarch solu 
tion (10%) appeared to Work almost as Well as dextran. 
[0052] We then shoWed that chilled dialysate (15% dext 
ran) could provide local brain cooling. The baseline osmotic 
chamber temperature Was 23.610.2o C. and it decreased to 
18410.40 C. (p<0.0001, one tailed paired t test). Cooling the 
dialysate created a left to right temperature gradient (35. 
110.4 vs. 30.711.0o C.; p:0.0024, one tailed paired t test) 
(FIG. 6). 

Materials and Methods for Rat Experiments 

Osmotic FloW Cell Fabrication and Dialysate 

[0053] An osmotic ?oW cell Was constructed from an 
acrylic sample tube, bell shaped at one end (Micro Osmom 
eter Model 3300, Advanced Instruments Inc., MA, USA). It 
Was modi?ed by connecting in?oW (3 mm inner diameter) 
and out?oW (1 mm inner diameter) channels equipped With a 
3-Way stopcock. Regenerated cellulose semipermeable mem 
brane With nominal pore siZe of 3500 D (Pierce Snakeskin® 
Dialysis Tubing) Was soaked in distilled Water then connected 
to the sampler using a silicone ring (FIG. 1). The volume of 
the osmotic cell is 1.0 mm3 , and the membrane contact area is 
50.2 mm2. 
[0054] The osmolality of plasma, ISF, and CSF are roughly 
equivalent under normal conditions”, although the protein 
content of plasma is much higher. FolloWing experimental 
brain damage, the colloid osmotic pressure of brain ISF 
approaches that of plasma for at least 5 hoursl6’33, and CSF 
osmolarity in the rat brain freeZe injury model of vasogenic 
brain edema increased from 277131 mOsm/L H2O to 
3481108 mOsm/L H2O Within 4 hours“. Protein content 
contributes to delayed resolution of edema ?uidl7. We made 
arti?cial cerebrospinal ?uid (aCSF) (?nal ion concentration 
in mM: Na 150; K 3.0; Ca 1.4; Mg 0.8; P 1.0; Cl 155)“). The 
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osmolarity measured using the freezing point depression 
technique (Micro Osmometer Model 3300, Advanced Instru 
ments Inc.) Was 289:3 mOsm/L H2O. Rat lumbar CSF osmo 
larity (n:20) Was 302:3 mOsm/kg H2O. To create an osmotic 
gradient for brain dialysis We added colloidal Dextran With 
molecular Weight 15,000-20,000 D (Sigma-Aldrich, Inc., 
MO, USA) to ACSF (15% W/V) to create a perfusate (aCSF 
D15%) With osmolality 392:3 mOsm/L H20 and pH 6.6210. 
3. To test the apparatus in vitro, the osmotic cell Was ?lled 
With 1 mL aCSF-D15 then immersed in a Petri dish ?lled With 
aCSF at room temperature. Equilibrium Was reached in ~15 
20 minutes. For the in vivo experiments, to ensure continuous 
exchange of the dialysate, the osmotic cell Was connected to 
an intravenous infusion set and How Was controlled by drip 
rate at approximately 0.6 ml/min. 

Animals, Anesthesia, Pressure Catheter Insertion 

[0055] TWenty young adult male Sprague-DaWley rats 
(350-370 g) Were maintained on a 12 hours light/dark cycle 
With ad libitum access to tap Water and standard food. Spon 
taneously breathing rats Were anesthetiZed With 1.5% iso?u 
rane in oxygen, and subjected to implantation of a telemetric 
pressure transmitter (TL11M2-C50-PXT, Data Sciences 
Intl.) into the lumbar CSF space. A midline skin incision 
along the spinous processes L4-6 Was made and spinous 
process and lamina L5 Were exposed using a surgical micro 
scope, partial laminectomy L5 Was made, and the dura mater 
and arachnoid membrane Were opened. CSF Was collected 
With 20 [1.1 Advanced Ease-Eject Sampler (Advanced Instru 
ments Inc., MA) and CSF osmolality measured (as described 
above). The pressure catheter (0.4 mm outer diameter) Was 
inserted into the subarachnoid space of L5 and advanced 10 
mm. The spinal defect Was closed With drop of cyanoacry 
lateiVet Bond glue. The transducer Was placed in a skin 
pouch through the same incision and the Wound Was closed 
With surgical suture. The system response to pressure change 
Was tested by manual abdominal compression. The rats Were 
alloWed to recover for 24-48 hours postoperatively. 

Experimental Brain Injury and Treatment 

[0056] Focal freezing Was used to create a necrotic lesion 
With vasogenic edema28. Spontaneously breathing rats Were 
anesthetiZed With 1.5% iso?urane in oxygen and the scalp 
Was opened in the midline. Cryogenic bran injury Was created 
by applying a copper rod (3 mm diameter, cooled in liquid 
nitrogen) to the skull (centered 4 mm posterior to bregma and 
4 mm lateral to midline) for 60 seconds. The Wound Was 
closed With Michel clips. To reduce pain after injury, 
buprenorphine 0.05 mg/kg Was injected subcutaneously. 
Lumbar ICP Was continuously recorded prior to, during, and 
after the lesion. In pilot experiments using 15 rats, normal rats 
and rats With cryo-injury underWent brain surface dialysis for 
2 hours (as describedbeloW) folloWed by perfusion ?xation to 
ascertain the response of the brain surface to the dialysis 
membrane. These Were compared to rats With cryo-injury 
alone. A separate set of normal rats had Water content mea 
sured in brain after 2 hours dialysis. 
[0057] At the beginning of the experiment, 20 unmarked 
envelopes containing assignments to 4 treatment groups Were 
prepared. Immediately after cryo-injury, an envelope Was 
chosen randomly from a container to assign each rat to one of 
the folloWing experimental groups: 
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Group 1 (n:5): no treatment, sacri?ced 5 hours after cryo 
injury. 
Group 2 (n:5): decompressive craniectomy 2 hours after 
cryo-injury and sacri?ced 5 hours after cryo-injury. 
Group 3 (n:5): decompressive craniectomy 2 hours after 
cryo-injury folloWed by sham brain dialysis. Under iso?urane 
anesthesia With the head secured in a stereotactic frame, an 
empty osmotic cell Was positioned in contact With damaged 
brain surface for 2 hours. The rats Were sacri?ced 5 hours 
after cryo-injury. 
Group 4 (n:5): decompressive craniectomy 2 hours after 
cryo-injury folloWed by brain dialysis. As in group 3 except 
the osmotic cell Was perfused With aCSF-D15 and the brain 
surface Was dialyZed for 2 hours. The rats Were sacri?ced 5 
hours after cryo-injury. 
[0058] Decompressive craniectomy Was performed 2 hours 
after cryo-injury. Rats Were anesthetiZed With 1.5% iso?u 
rane in oxygen, scalp clips Were removed, the periosteum Was 
dissected to the right parieto-temporal skull ridge, four 2 mm 
holes Were drilled While irrigating With normal saline, and a 
right parieto-temporal decompressive craniectomy 55x10 
mm Was created With a small rongeur. The meninges Were 
opened using a surgical microscope for magni?cation. Rats 
Were placed on Warming blanket With a rectal probe to main 
tain the body temperature at 370 C., and the head Was posi 
tioned in a stereotactic head holder (David Kopf Instruments, 
Tujunga, Calif.). In group 2, the scalp Was closed. In groups 3 
and 4 the osmotic cell Was applied to the damaged brain 
surface and held in place With a clamp secured to the head 
frame (FIG. 2). Lumbar CSF pressure data Were collected (1 
sample per 10 seconds) and sent telemetrically via the Data 
Exchange Matrix and continuously analyZed (DataquestA.R. 
T.TM Version 3.01 system, Data Sciences International, MN, 
USA). For intergroup comparisons We determined the mean 
pressure during a 10 minute time block at the following four 
time points: baseline prior to cryo-injury under anesthesia; 2 
hours after cryo-injury (prior to craniectomy in groups 2, 3, 4 
and in aWake rats from group 1); 3 hours after cryo-injury (1 
hour after craniectomy in anesthetiZed rats from groups 2, 3, 
4 and in aWake rats from group 1); 5 hours after cryo-injury 
immediately prior to sacri?ce in anesthetiZed rats (after 2 
hours dialysis or sham dialysis in groups 4 and 3 respec 
tively). 

Brain Sampling and Quantitation of Brain Edema 

[0059] All rats Were sacri?ced 5 hours after cryo-injury by 
barbiturate overdose. We did not perfusion ?ush the vascula 
ture because We Were concerned that it could alter the Water 
content in damaged brain. Equal volume (62.8 mm3) brain 
cores Were sampled from site of cryo-injury and contralateral 
mirror area (centered 4 mm posterior to bregma, 4 mm lateral 
to midline) With a cylindrical punch sampler (4 mm inner 
diameter><5 mm height)12 by a person blinded to the nature of 
the prior intervention. Weight of Wet and subsequently dried 
(2-3 days at 1000 C.) brain tissue specimens Was measured 
and the percentage Water content Was calculated. Feasibility 
experiments Were also conducted using other dialysates 
including 10% inulin and Pentaspan. 

Evaluation of Edema Spread 

[0060] In a separate group of 12 rats young adult SD rats 
(250-350 g) the dialysis experiment Was repeated but for a 
longer period to determine if movement of interstitial ?uid 
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was altered. On Day 1 the lumber CSF pressure monitor Was 
implanted and the rats Were allowed to recover overnight. On 
Day 2 a cryogenic brain injury Was created as above. Thirty 
minutes later, Evans blue (0.5 ml of 1% solution) Was injected 
into the femoral vein. Sixty minutes later the craniectomy Was 
performed. After craniotomy the rats Were randomly as signed 
to dialysis or sham treatment (prelabeled assignment sheets 
Were blindly chosen from an envelope. The dialysis module 
Was applied to the brain surface and, beginning 2 hours after 
the cryogenic lesion and continuing for 4 hours, dialysis (15% 
dextran) or sham dialysis (Wetted dialysis membrane With 
empty chamber) Was performed. The rats Were killed at the 
end of the dialysis by overdose With CO2 folloWed by tran 
scardiac perfusion With 10% formalin. The head Was removed 
and placed in the same ?xative overnight. Then the brain Was 
removed and placed in a steel slicing guide and cut into 1 mm 
thick coronal slices. Brain edema ?uid appeared blue. The 
brain slices Were photographed then the slices nearest center 
of lesion Were embedded in paraf?n for histologic analysis. 
Using an image analysis system (NIH lmageJ) the area of 
blue discoloration and the total area of brain slice Were mea 
sured and the total volume of edema spread Was calculated. 

[0061] Using this protocol, feasibility experiments Were 
conducted using osmotic cells constructed With dialysis 
membranes With pore siZe of 7000 D (Pierce Snakeskin 
Dialysis Tubing from regenerated cellulose) (1 rat dialyZed 
With 15% dextran). Other dialysates Were tested With the 
3500 D dialysis membrane including 10% inulin (1 rat; 368 
mOsm/L; Sigma) and 10% pentastarch (average MW 265, 
000 D) in 0.9% sodium chloride (2 rats; 338 mOsm/L; Pen 
taspan®, Dupont Pharmaceuticals, Wilmington Del.). Other 
forms of hydroxyethyl starch have been shoWn to be effective 
osmotic agents in experimental peritoneal dialysisls. 

Measurement of Brain Temperature 

[0062] To assess the ability of the surface dialysis device to 
simultaneously cool the brain, the folloWing experiment Was 
conducted. Six normal rats anesthetiZed With 1.5% iso?urane 
in oxygen and positioned in the head holder. They underWent 
right side craniectomy for application of the dialysis module 
to the brain surface. In addition, a 3 mm hole Was drilled over 
the left parietal lobe. Wire thermistors Were inserted bilater 
ally, 1.5 mm beloW the brain surface; on the right side this Was 
under the dialysis module. Temperature Was recorded simul 
taneously in the right and left cerebrum as Well as in the 
dialysis chamber. Dialysate (15% dextran solution) Was per 
fused through the chamber at a rate of 2.4 ml/minute at room 
temperature (23-240 C.) for tWo hours and then sWitched to a 
chilled (5-7o C.) solution running through the chamber at a 
maximum rate of ~20 ml/minute for up to 2 hours. 

Statistical Analysis 

[0063] Data are expressed as meanzstandard error of mean. 
Differences betWeen measured CSF pressure and Water con 
tent Were tested for signi?cance With repeated measures 
ANOVA folloWed Fisher’s least square difference test for 
equal groups. Correlation analysis (Fisher r to Z test) Was 
applied to determine the relationship betWeen ?nal CSF pres 
sure and injured brain Water content. Area of edema spread 
Was compared betWeen the tWo groups using Student’s t test 
(tWo tailed). Temperature measurements Were compared 
using one-tailed paired t tests. 
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[0064] The methods and devices described herein differ 
from the prior art. First, the instant method takes advantage of 
the fact that brain surface membranes are potentially perme 
able to Water. Application of the dialysis process to the brain 
surface rather than via penetrating needles is inherently less 
invasive and therefore does not damage the brain further. 
Second, application of a sheet of semipermeable material to 
the brain surface offers a larger surface area for dialysis and 
therefore can remove more Water. Third, the use of a larger 
volume chamber alloWs more rapid ?oW of dialysate ?uid, 
Which can be cooled thereby offering the potential for local 
cooling of brain tissue precisely in the injured area, as dis 
cussed herein. 
[0065] While the preferred embodiments of the invention 
have been described above, it Will be recogniZed and under 
stood that various modi?cations may be made therein, and the 
appended claims are intended to cover all such modi?cations 
Which may fall Within the spirit and scope of the invention. 
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1. A method of treating brain sWelling comprising: 
inserting an osmotic cell into a dural opening or under a 

dural ?ap onto a brain that has suffered or is suspected of 
having suffered an injurious event su?icient to induce 
sWelling, said osmotic cell comprising: 
an osmotic cell body comprising an inner chamber for 

retaining a solution therein; 
a semi-permeable membrane for contacting the brain; 
an in?oW port; and 
an out?oW port; and 

?oWing a solution having an osmolarity greater than that of 
?uid in the extracellular compartment of the brain 
through the in?oW port, into the inner chamber, past the 
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semi-permeable membrane and out of the inner chamber 
through the out?oW port such that interstitial ?uid from 
the brain proximal to the semi-permeable membrane 
osmotically ?oWs across the membrane and into the 
inner chamber of the body. 

2. The method according to claim 1 Wherein the solution is 
at a temperature arranged to loWer the temperature of the 
brain to a temperature beloW body temperature. 

3. The method according to claim 1 Wherein the solution is 
chilled to a temperature beloW room temperature. 

4. The method according to claim 1 Wherein the solution 
further comprises a medicinal agent selected from the group 
consisting of an antibiotic, a neuroprotective agent or a neu 
roregenerative agent. 

5. A device for treating brain sWelling comprising: 
an osmotic cell body comprising an inner chamber for 

retaining a solution therein; 
a semi-permeable membrane arranged for contacting a 

dural opening or arranged for insertion under a dural ?ap 
onto a brain that has suffered or is suspected of having 
suffered an injurious event su?icient to induce sWelling, 

an in?oW port for receiving the solution from a reservoir; 
and 

an out?oW port for removal of the solution from the inner 
chamber. 


